Koi herpes virus (KHV) has been recognized as a worldwide cause of mortality among populations of koi Cyprinus carpio koi and common carp. KHV disease can be diagnosed by the isolation of the virus, by anatomical assessment, and by the polymerase chain reaction (PCR) assay with agarose gel electrophoresis. Among these methods, the PCR assay has advantages over other methods in accuracy, but it retains a disadvantage with respect to quantification of the KHV genome. The TaqMan real-time PCR assay (TaqMan PCR assay) using the TaqMan-Probe has recently become more commonly used for the quantification of the KHV genome. However, it remains difficult to determine whether or not an amplified sequence originated from the KHV genome, because the TaqMan-Probe is degraded after PCR amplification. To overcome this problem, we utilized a novel quenching probe (QProbe) for quantitative PCR. This probe can be used to perform a melting curve analysis, thus eliminating the likelihood of obtaining false positives for the amplified product after PCR amplification. Two QProbes were designed to target SphI-5 and thymidine kinase, and these probes successfully detected the KHV genome; the amplified sequences could thus be evaluated by melting curve analysis.
ethidium bromide staining, and UV illumination. However, such an approach is unsuitable for quantifying the KHV genome.
In this context, the LAMP assay has demonstrated advantages 11, 12) . This type of assay utilizes DNA polymerase and a set of four specific primers that together recognize a total of six distinct sequences on the target DNA; this process renders the amplification of the target sequence rapid as well as selective 14) . Moreover, this assay does not require the use of a specialized instrument to confirm the amplification of the target 9, 13) . This method can be utilized for the quantification of the target genome using a real time turbidimeter; however, thus far there have been no reports on the quantification of the KHV genome.
A TaqMan quantitative PCR analysis has been used for quantification. The TaqMan probe is an oligonucleotide modified by a fluorescent dye at each end of the probe. The fluorescence of the reporter dye of the TaqMan probe is quenched by the fluorescence resonance energy transfer (FRET) phenomenon of the quencher. The quenched detection dye generates fluorescence by the degradation of the TaqMan probe during the elongation reaction, and then PCR amplification can be monitored. However, no melting curve analysis for amplified products can be performed after PCR for the measurement of the melting temperature (Tm). Accordingly, the evaluation of false positives obtained by the TaqMan PCR assay is difficult when only the amplification results are taken into account. To solve this problem, we developed a quantitative PCR method for KHV that employs a quenching probe 19) .
The quenching probe (QProbe) developed for this study is an oligonucleotide with fluorescent dye-modified cytosine at the 3' or 5' end 1, 11) . The QProbe utilizes a reaction by which the fluorescence of the dye is quenched by transfer of an electron to a guanine base at a particular position 10, 19) . Accordingly, PCR amplification can be monitored by the quenching ratio of the hybridized probe to the fluorescence of the free probe.
The fluorescence of the QProbe quenched by a guanine base of the target reappears when the QProbe is freed from the target. This quenching and the appearance of fluorescence are reversible. Accordingly, the quenching ratio of the designated QProbe can be estimated using a complementary oligonucleotide before actual use; therefore, evaluation of the probe's performance is both easy and rapid 10, 18) . A Taq polymerase without 5'-3' exonuclease activity is used for real-time monitoring PCR using the QProbe (QP-PCR). Here, Tm measurement of the amplified DNA and the probe are made possible by use of the QProbe, because the QProbe is not degraded during the PCR amplification process, thus enabling a melting curve analysis. The Tm measurements are useful for confirming that the PCR products contain the target sequence thereby avoiding false positives.
If the PCR primer has a mismatch for the target sequence, the detection sensitivity and quantification accuracy deteriorates in PCR-based technologies. In Japan, the Ministry of Agriculture, Forestry, and Fisheries noted officially in the year 2004 that the former SphI-5 primer had a mismatch with the KHV genome; thus, the SphI-5 reverse primer sequence was changed to GACACATGTTACAATG-GTCGC from GACACATGTTACAATGGTGGC. From this point of view, Tm measurements are useful for determining whether or not PCR products were amplified correctly. Health certifications or inspections of fish and the monitoring of KHV in an environment in which KHV disease is spreading are important to control the disease. Accordingly, we need more accurate and sensitive quantification methods for these purposes.
In this study, we report the results of a newly developed QP-PCR assay for KHV quantification, and discuss the detection limitations and quantification accuracy of this method.
Materials and Methods

Virus and fish sample source
The KHV used in this study was the KHV NRIA 0301 strain derived from a carp gill obtained from Lake Kasumigaura 8) ; this strain was cultured using the koi fin (KF-1) cell line according to Hedrick et al. 7) . The koi used in this study was experimentally infected with the virus. Two hundred microliters of the KHV solution cultured by the KF-1 cell line was injected into the abdomen of koi with a syringe, and the infected koi was cultured until death at 23°C. Dead koi samples were used for the quantification of KHV.
DNA extraction
Genomic DNA from KF-1 cells and each sampled organ of infected koi was extracted using the commercially available PUREGENE Tissue DNA Isolation Kit (Gentra Systems, Minneapolis, USA) according to the manufacturer's manual. Fifty microliters of KF-1 cells and ca. 10 mg of each organ were subjected to genomic DNA extraction. Every sample organ of infected koi was divided into small pieces and the wet weight was determined before the DNA extraction. The sample was subjected to lysis at 65°C for 10 min using 600 µl of cell lysis solution. The sample was then thoroughly homogenized using a microfuge tube pestle. Proteinase K solution (20 mg/ml, 1.5 µl) was added to the lysis solution, and the mixture was then incubated for 30 minutes at 55°C. RNase A solution (4 mg/ml, 1.5 µl) was added to the lysis solution, and the solution was incubated at 37°C for 30 min. Protein precipitation solution (200 µl) was added to the lysis solution. The DNA was precipitated using isopropanol and ethanol (70%). Then, the DNA was refined using a PCR-Cleanup Kit (Millipore, Bedford, USA), and the sample was finally suspended in 30 µl of TE-buffer. QProbes for the SphI-5 gene and the tk gene, SPH-QP and TK-QP were designed using QProbe design software (J-Bio21, Tokyo, Japan) supported by Fujitsu (Tokyo, Japan). The monitoring of PCR amplification was facilitated by an increase in the quenching ratio of the QProbe hybridized to the target with respect to the free QProbe. Accordingly, the secondary structure should be taken into account in the design of the QProbe, and the G+C contents should be reduced to less than 60% in order to prevent selfquenching of the QProbe.
Primer sets and QProbe
Designed and selected sequences of QProbes were as follows: SPH-QP; CCGCTACAAGAGCCTCTTCAAG (Tm 66.2°C), TK-QP; TACAGCTCGTACTGGGCCATC (Tm 66.2°C). The G+C content of the QProbe used in this study was 54% (SPH-QP) or 57% (TK-QP).
QP-PCR conditions
A LightCycler (Roche Diagnostics, Mannheim, Germany) was used for real-time PCR. During the PCR, dNTP-PLUS (Roche Diagnostics) was used for amplification. Uracil-DNA glycosylase (UNG; Roche Diagnostics), added to the reaction mixture, was used to prevent carry-over contamination of the PCR products, and a glycosylase reaction was performed during the preparation of the reaction mixture at room temperature before the PCR had been carried out. For the QP-PCR assay, the reaction solution (20 µl) contained 2 µl of sample DNA, dNTP-PLUS (200 µM each of dATP, dCTP, dGTP, and dTTP, 600 µM dUTP), 1×PCR Buffer (10×TitaiumTaq Buffer; BD Biosciences Clontech, Palo Alto, USA), 1×TaqPolymerase (50×Titanium Taq Polymerase with Antibody; BD Biosciences Clontech), UNG 0.2 U (Roche Diagnostics), and 0.6 µM of primer, which elongated the strand hybridized to the probe, and 0.2 µM of another primer. The QProbe to monitor amplification of KHV was added to the reaction solution at a final concentration of 0.05 µM. The glycosylase reaction was carried out at room temperature for 20 minutes. The PCR conditions were as follows: an initial denaturation step at 95°C for 5 min, and 60 cycles of denaturation at 95°C for 2 sec, annealing at 59°C for 3 sec, and extension at 72°C for 10 sec; the final extension was carried out at 72°C for 20 sec. The fluorescence intensity was measured after the denaturation and annealing steps in each cycle, and the fluorescence quenching rate in each cycle was calculated according to the method described in a previous report 10) .
TaqMan PCR assay
The TaqMan PCR assay was performed in order to quantify the KHV; this assay was performed according to the procedure described by Gilad et al. 4) . Each TaqMan PCR reaction mixture contained 400 nM of each primer, 80 nM of the TaqMan probe in the commercially available PCR mastermix (TaqMan Universal PCR Mastermix, Applied Biosystems, Foster City, USA), 10 mM Tris-HCl (pH 8.3), 50 mM KC1, 5 mM MgCl2, 2.5 mM deoxynucleotide triphosphates, 0.625 U of AmpliTaq Gold DNA polymerase, 0.25 U of AmpErase UNG, and 5 µl of the diluted DNA sample in a final volume of 20 µl. The samples were placed in LightCycler capillaries. The PCR conditions were as follows: 2 min at 50°C, 10 min at 95°C, 60 cycles of 15 sec at 95°C, and 60 sec at 60°C. The following primers and TaqMan-Probe were used: KHV-86f; GACGCCGGAGACCT-TGTG, KHV-163r; CGGGTTCTTATTTTTGTCCTTGTT, KHV-109p (TaqMan-Probe); CTTCCTCTGCTCGGC-GAGCACG.
Determination of the quenching ratio of fluorescence and Tm measurements of the QProbe
A melting curve analysis was performed in order to determine the fluorescence quenching ratio of the QProbe. The reaction mixture (20 µl) contained 0.05 µM QProbe, 0.4 µM complementary oligonucleotide, and 1×Titanium Taq Buffer. As a negative control, sterilized distilled water was added instead of the complementary oligonucleotide. The melting curve analysis for the Tm measurement was performed using the program of the LightCycler. The reaction mixture was heated to 95°C for 15 sec, cooled to 40°C for 60 sec, and then slowly heated back to 95°C under continuous fluorescence monitoring.
Results
Performance of the newly designed QProbe
The QProbe designed based on the complementary sequence for the target is expected to hybridize with the target and to show a good quenching ratio. However, the QProbe occasionally fails to show a good quenching ratio for the reasons given above. Thus, the performance of a QProbe must be assessed before its use. The performance of a newly designed QProbe can be tested by the decrease in temperature from the denaturing to hybridization temperature. The quenching ratios of SPH-QP and TK-QP were ca. 80% of the free QProbe. The quenching ratios of both probes were sufficiently high to allow for their use.
Verification of the amplified product by Tm measuremenst
When performing a quantitative PCR, it is important to verify whether or not the amplified PCR products are objective targets. In the case of a quantitative PCR using a QProbe, Titanium Taq Polymerase without exonuclease activity is used. Accordingly, the Tm of the target and the probe can be measured by melting curve analysis, because the probe is not degraded during the PCR amplification process. If the PCR products do not contain a sequence that perfectly matches the QProbe, the measured Tm will be lower than the expected value; therefore, Tm measurements are useful for ensuring that the PCR products indeed contain the target sequence. This approach thereby eliminates false positive results.
Melting curve analyses of the QProbe with and without the complementary oligonucleotide were performed. As shown in Figure 1A 
Standard curve construction for real time PCR assay
The already known concentration of the KHV genome is needed in order to obtain the standard curve for the quantification of unknown concentrations of samples. The DNA extracted from KHV cultivated using the KF-1 cell line includes host carp DNA, and it is thus difficult to estimate the copy number of the genome. Therefore, the PCR products obtained using the primer set SPH-QP and TK-QP were used for the already known concentrations of the KHV genome template. The concentrations of PCR products were determined using the Bio Analyzer 2100 system (Agilent Technologies Inc., Germany). Then, the determined concentrations of PCR products were used to construct the standard curve in order to quantify the KHV genome of the samples. A dNTP-PLUS containing dUTP as a nucleotide monomer for PCR amplification was used to prevent crosscontamination of the PCR products. Even if cross-contami- nation had occurred, the contaminated products containing uracil would have been degraded by UNG treatment. The copy numbers of KHV amplified by PCR from the KF-1 cell line culture were 33,000/2 µl for the SphI-5 gene and 37,500/2 µl for the tk gene. The standard curve for the SphI-5 gene was constructed from reaction mixtures containing 33,000, 3,300, 330, and 33 copies of the KHV genome per 2 µl, respectively. The standard curve for the tk gene was also constructed from reaction mixtures containing 37,500, 3,750, 375, and 38 copies of the KHV genome per 2 µl, respectively. These results are shown in Figure 2 . The amplification plots of SPH-QP and TK-QP are shown in Figure 2A 
Comparison of the quantification accuracy of QP-PCR and TaqMan PCR assays
The QP-PCR assay developed in this study was compared with the TaqMan PCR assay reported by Gilad et al. 4) . The experiments were repeated five times, and the experimental mean value and the RSD (relative standard deviation) at each KHV copy number were calculated. The results are shown in Table 1 . The RSD values of the QP-PCR assay were smaller than those of the TaqMan PCR assay within the range of 300 and 30 copies of KHV. However, within the range of 30,000 and 3,000 copies of KHV, the RSD values of the QP-PCR assay were similar to those obtained in the TaqMan PCR assay.
Sensitivity of the QP-PCR assay
The detection limit of the QP-PCR assay was confirmed in this study. The experiments were repeated five times using SPH-QP (Fig. 3A) and TK-QP (B) (Fig. 3A) . Added targets for SPH-QP were 330 copies, 33 copies and 3 copies, while for TK-QP (B) they were 375 copies, 38 copies and 4 copies, respectively. The QP-PCR assay enabled the detection of KHV in a reproducible manner from a sample containing very small concentrations of target. No quenching of the QProbe in the case of the negative control using DW was observed (Figs. 3A and 3B) .
Evaluation of the QP-PCR assay using a carp sample
To verify whether or not the QP-PCR assay could be used to evaluate an actual carp sample, 5 dead carp samples infected with KHV were used to test the present method. One carp sample was used to compare the quantification accuracy of the QP-PCR assay and the TaqMan PCR assay. The results revealed that these assays provided almost the same degree of accuracy for various organs ( Table 1 ). The copy number of KHV estimated by targeting SphI-5 and the tk gene domain was almost the same in each organ of each sample as shown in Table 2 . The melting curve analysis revealed that the amplified products from all of the tested samples contained a sequence that perfectly matched each QProbe.
Discussion
The development of a novel, simple method of quantifying KHV is expected to contribute to the identification of fish infected by this pathogen and to help in the monitoring of the concentration of KHV through the treatment of this disease. High reliability is necessary in order to correctly diagnose this disease, as KHV has been a source of extensive damage to the carp aquaculture industry. The QP-PCR assay can be used to confirm whether or not amplified PCR products contain a sequence that perfectly matches a QProbe, as determined by a melting curve analysis.
A basic feature of the QP-PCR assay is the PCR. Therefore, the sensitivity and accuracy of QP-PCR will depend on the primer design. In this study, several sets of PCR primers were designed, and the primer set with the best amplification efficiency was selected.
For designing the QProbe, three points were considered to be of particular importance. The guanine+cytosine (G+C) content should amount to less than 60% in order to prevent self-quenching due to secondary structure formation. In addition, the probe hybridization region should not overlap with the primer region. Moreover, the Tm of the QProbe for the target should be higher than the Tm of the primer, i.e., it should be approximately 5°C higher.
In real time quantitative PCR with a fluorescent probe, it is desirable to estimate the actual function of the designated fluorescent probe before use. The actual function of a TaqMan-Probe utilized widely in real time quantitative PCR cannot be estimated before use, because this probe emits fluorescence after degradation by the PCR. In contrast, the quenching ratio of the QProbe can be measured by hybridization with a synthesized complementary oligonucleotide prior to the PCR assay. The quenching ratio of SPH-QP and TK-QP designed in this study was 80% in both cases, and this value is considered to be sufficient for the detection of PCR products. During PCR amplification, non-specific products such as a primer dimer for the designated primer set may often be amplified in cases involving low sample copy numbers. In particular, Tm measurements using a QProbe are useful for ensuring that the PCR products contain the target sequence; this approach will consequently eliminate false positives. The measured Tm usually has a difference of 1-3°C compared with the calculated value, accordingly, the difference observed in this experiment was not found to be significant.
The sensitivity of KHV detection by this novel QP-PCR assay was almost the same as that obtained with the TaqMan-PCR assay, but the accuracy of the quantification of KHV was slightly better than that achieved with the TaqMan-PCR assay, especially in cases involving low KHV copy numbers. As shown in the results, the QP-PCR assay was assumed to be sufficiently sensitive for the detection of KHV. On the other hand, Tani et al. 18) reported that in the quantification of genetically modified soybeans, the accuracy of the TaqMan-PCR assay was superior to that of the QP-PCR assay. Detection sensitivity and the accuracy of quantitative values often depend on primer design and the PCR conditions. Accordingly, it is not difficult to demonstrate the superiority or inferiority of these two real time PCR assays with respect to one another. However, it should be noted that the QP-PCR assay does have the advantage of measuring Tm values, which is useful for ensuring that PCR products contain a target sequence, thereby eliminating false positives. The QProbe usually has advantages in cost and design, because it needs only one fluorescence dye.
In this study, we developed two sets of PCR primers and QProbes to detect and quantify KHV. It was demonstrated that the QP-PCR assay using these sets could be used to quantify KHV in actual carp samples. These sets are expected to be useful for double-checking samples with low copy numbers of KHV, such as potentially KHV-infected carp lacking signs of disease.
There is no information on the behavior of KHV in the environment and infection route until now, because researchers could not utilize sensitive and accurate method for quantification. The newly developed QP-PCR assay has the potential to estimate low copy numbers of KHV in polluted water area and infected fish lacking signs of disease and will contribute to our understanding of the behavior of KHV in nature.
